The concept of the design process is not well understood by the general public. Indeed industry is now looking for graduates with the core skills of mathematics and science but enhanced by a rm grounding in the engineering design process. At Southampton a number of initiatives have been implemented in teaching practices and further activities are being constructed to increase the undergraduate's awareness of the order and execution of the modern design process. The demands of manufacture on design and the abilities of the undergraduate to use high grade CAD/CAM computer packages to perform these tasks is the focus of the developments. The exact package that is being used is not important, more so the thinking processes required in using them to their best advantage. The paper will describe the concepts behind these initiatives and how the engineering education process must itself become an example of the integration of disciplines.
Introduction
The word design has many perceptions but, as an example, use the Oxford English Dictionary as a starting point.
Design ± contrivance in accordance with a pre-conceived plan.
This de® nition makes the essential point that there are constraints placed on the concept at the outset and the eventual result of the work must satisfy these requirements. The idea that a designer has complete freedom to do as they please does not really ® t in with the above de® nition. The concept of engineering design at least must follow this principle since the ultimate goal is a saleable product, which ® ts the customers needs. Bankruptcy is the only other option! The development and production of an aircraft (or in fact, any commercial product) generates a broader demand for design processes than is normally recognised. Design may be thought to apply purely to the product itself and the design process to conclude with the emergence of a saleable item (even if that item is subsequently re® ned in the light of experience). Furthermore, it may be thought that the design process is relevant to the product solely to achieve its ef® cient operation ± in the case of an aircraft, to enable it to meet certain combat requirements, to transport cargo or passengers or to perform other operations with optimum economy.
Only rarely now are commercial products produced in limited quantities by isolated individuals or very small groups. Modern mass-production processes, particularly in engineering, tend to require the resources of sizeable organisations. Each organisation generates design needs far beyond the immediate considerations of any current product. As for the product itself ± in a competitive, fast-moving commercial environment, the chances of it having been designed in isolation, as a new venture, will be extremely slim. Most products are developed from an earlier version (perhaps in competition with someone else's) or to form part of a range of products which share some common characteristics.
The most successful companies recognise the complexity of design (in all its forms), exploit design as a valuable resource and duly allocate responsibility for design management at senior level. Design is applied to every aspect of the company's operation ± its products, working or sales environments, electronic or printed communications, exhibition stands, signage, uniforms, protective clothing, vehicle liveries and particularly to anything which provides an opportunity to make a company ª statementº . It could hardly have been coincidence that the greatly admired Great Western Railway steam locomotives shared impressive visual characteristics (including the predominantly green livery) ± their mechanical qualities representing perfectly the dignity and the pride of their owners. There is never any need to ask who made the bright yellow earthmoving equipment, which occasionally impedes your homeward progress on a country lane. . .and you might be attracted towards a particular brand of power tool not merely for its reliability but for the fact that your workplace will be enhanced (and thus your enjoyment of being there) by a high degree of colour coordination.
Where design is effectively managed, the product, the company and its image are almost one and the same thing. Such breadth of design activity is more than cosmetic. It evidences a quest for excellence in all things and calls for more than forward (or singledimension) thinking. It demands all-round awareness and quite appropriately demolishes traditional working boundaries. Once built, most machines (including aircraft) are not only identi® ed by maker and operator, they also carry numerous instructions for the purposes of safety and ef® ciency. The clearer those messages, the less stressful will be the ultimate application of the equipment.
The authors of this paper have backgrounds in different disciplines, each of which uses the concept of design. The relevance of design to these subject areas is now discussed.
Aircraft design
The ability of an aircraft to ful® l a design requirement needs a number of factors to be satis® ed simultaneously. The discussion could take many forms but an example of aircraft combat requirements is presented.
A combat aircraft will often need to manoeuvre in¯ight in order to attack a foe. This is often termed ª dog ® ghtingº . One of the most important performance aspects of such an aircraft is its turn rate. This indicates the ability of the vehicle to alter its heading in as small a time as possible. The reasons for this parameter being so in¯uential; can be gleaned from Figure 1 . This shows two approaching aircraft turning to train their weapons onto the other. Aircraft B has a higher turn rate than A and so can manoeuvre inside and achieve the ® rst strike.
Therefore the aircraft with the higher turn rate is more effective in such circumstances. The ability to turn is based in the ability to achieve a horizontal (centripetal) acceleration and so the generation of lift is the ® rst consideration.
The lift produced by the wings is proportional to the square of the forward velocity and so the greater speed allows a higher lift to be achieved. In addition, this lift must be inclined inwards to generate the horizontal acceleration, as in Figure 2 .
Since the wing lift generation must be allied to the aircraft mass, the lift is often expressed as a loading with respect to the weight of the aircraft. This equates to the ª gº force. The loading factor, n, is shown in Figure 3 .
The dependence of this force on forward velocity is shown in Figure 4 . The wing will stall if the loading is too high which places a limitation on the turn rate achievable. Having produced this lift force, it is imperative that the structure of the aircraft is capable of withstanding these loads. Figure 5 shows a similar plot to Figure 4 , only the structural limitation is de® ned.
The limit of structural failure is shown together with the normal never exceed speed limit.
The aircraft design must adhere to both of these requirements and so the composite ® gure is shown in Figure 6 .
The character of the graphs shows that there is an optimum speed at which the turn rate is maximised. This is known as the corner speed.
The ® nal consideration is the requirements of the powerplant. In generating the considerable amount of lift in the turn a high value of drag occurs. In order to drive the aircraft through the turn the engines must be capable of providing the high thrust required. Figure 7 shows the available thrust and is therefore a third limit to be scrutinised. Figure 8 shows the complete dog house plot where all three limitations are included. This shows graphically how the aircraft turn performance varies considerably over the entire¯ight speed range. It is the interaction of the various diverse engineering disciplines, which in¯uences the design of the aircraft and also its performance and¯ying characteristics.
If an aircraft is¯ying level at a speed of V, then in order to execute the most effective turn the pilot will bank the aircraft up to the structural limit and then bleed off speed until the sustained turn rate point is achieved. If the speed is bled off even further, then the instantaneous turn rate can be invoked. It is apparent that this example shows how an aircraft design process must address many different factors. It is often the case that these factors are in con¯ict and decisions have to be made such that the overall vehicle performance matches, or exceeds, the stated requirement.
Mechanical engineering design
The engineering design process has been the subject of analysis for a number of years. Many attempts at formulating a ª design processº have been made, but they are usually based on speculative principles that are supposed to give de® nitive solutions. Examples of these processes are ª PABLAº ± product analysis by logical approach and the MORPHOLOGICAL method. Neither of these would solve design problems and have therefore been discarded. Several other attempts have been made to produce a usable system but the analysis of a design engineer's thought process has always been dif® cult to achieve. The problem with any system that tries to establish a pre-determined thought process is that it is by nature very restrictive, the very thing you are trying to prevent. However, there are several points in the thought process which can be identi® ed. Whilst design is a constant procedure of speculation, evaluation and providing solutions, there are always fundamental decision to be made throughout the process. These fundamental or key decisions must therefore be identi® ed and made from the initial concept through to the conclusion of the design process. The key decisions together with all subsequent minor decisions formulate what follows in the design process. Most of the primary key decisions can be made as a result of the ª Requirementº but these decisions will inevitably lead to other areas where key decisions will have to be made. For instance, detail design as part of an overall project, can be a process of constant optimisation, the starting point of which can be in¯uenced by many sets of circumstances. However, it is probable that a primary key decision will have to have been made before the process can start and several more will have to be made as the design progresses. The experience of the ª Designerº or design team can be a vital factor in the process. If the criteria involved in the requirement have been met previously by the designer or team, experience gained on similar work can be extremely useful. However, this ª previous experienceº may also be a serious obstacle. It is sometimes taken for granted that if it worked before, it will work again. This assumption can lead to disastrous consequences, as the controlling circumstances may not be exactly repeated.
Analysis of the engineering design process
The following phases of the engineering design process are shown schematically in Figure 9 . Requirement This is determined by the customer and will formalise the need.
Speci® cation
The formal process that identi® es and sets out the parameters developed from the requirement. These parameters need to be identi® ed and complied with in order to satisfy the requirement.
Primary key decision
This is the decision following which the basic form of the design is frozen and on which all subsequent design considerations are based. It is essential that the primary key decision is carefully considered and researched. Preliminary analysis and evaluation is usually necessary before the point is reached where the design is frozen.
Supporting key decisions
These are based on the primary key decision and are therefore a means of progressing the design.
Detail design analysis
Linking the design process to manufacture and creating the schemes that will eventually lead to the component drawings being produced.
Interface with manufacture
The interface is usually the manufacturing drawings that will be used to produce the components. This process will of course include the assembly and sub-assembly drawings. However, if parametric CAD/CAM software is used as the interface actual hard copy detail drawings may not be necessary for actual manufacture but they still may be required for legal purposes. The component can be drawn on CAD transferred into CAM and then downloaded straight into a CNC machine (Figures 10 and 11) .
All of the above are necessary steps in the Engineering design process. If any areas are omitted then the process will be more open to failure. Many classic mistakes have been made because key decisions have not been correctly identi® ed and implemented. In addition, engineering design should always be linked to eventual manufacture, it is impossible to separate the processes. If this is not the case then it is possible that expensive errors will result and also second best manufacture will take place.
Summary
To summarise, the area that needs most careful consideration is the primary key decision. All subsequent work relies entirely on the expertise and knowledge of the person or persons making this decision. All subsequent detail design is locked into an almost irreversible process once the primary key decision has been made and implemented. The area that involves the primary key decision has therefore to be identi® ed and very careful attention paid to the solution. Once this step has been taken all subsequent supporting decisions can be addressed in a carefully selected sequence.
It is at this point that the design will be linked to manufacture. This involves making sure that what is designed from here on is not only capable of being manufactured but is the most cost-effective and ef® cient means of manufacture available. This means that the materials and manufacturing process or processes have to be implicit in the design and must be within the capabilities of the supplier. It is of course possible that several alternative means of manufacture of components may be possible and these processes need to be identi® ed at this point. Each component in the design needs to have a possible source of supply. Components can of course be speci® cally manufactured and unique to this particular assembly, or alternatively may be best purchased from a supplier as completed ª off the shelfº items.
The above process will usually result in a prototype from which subsequent production components can be evolved. It may be necessary to produce several prototypes, Figure 10 Interface with manufacturing -I Figure 11 Interface with manufacturing -II encompassing alternative detail designs or manufacturing processes. It is, however, unlikely that the original primary key decision will be changed as this would involve a new thought process all the way through from the start of the project. Engineering design can be compared to compiling a crossword, it involves formulating inter-linked questions and answers to achieve an overall result.
Typographical design
The relevance of typographic design to engineering design may not be immediately obvious, yet prior to manufacture, the better the layout and annotation of the plans (even on computer), the better understood and more ef® cient will be the production process. Once built, most machines (including aircraft) are not only identi® ed by maker and operator, they also carry numerous instructions for the purposes of safety and ef® ciency. The clearer those messages, the less stressful will be the ultimate application of the equipment.
As in all aspects of design, the effectiveness of typography is related directly to the clarity of the brief with which the designer is ® rst supplied. As an example, the typographic logo, devised for the Fareham Music Festival, presented in Figure 12 , is an example of the way in which analysis of initial requirements can lead to an unexpected conclusion ± unexpected in that logos are normally deemed to require a high degree of visual impact.
This organisation, however, whilst welcoming the publicity occasionally provided by local newspapers, was not aggressive and fast-moving. It operated with all the dignity expected of performing musicians and its traditional good manners seemed to require the restrained elegance of a script letterform contained within a perfectly geometric format. Surprisingly, when the Festival' s image was inserted into the general visual disorder of the local theatre's publicity brochure, as shown in Plate 1, its very simplicity set it apart completely from the overall confusion and its effectiveness exceeded expectations.
Applications to teaching
The above discussion shows that the ability to combine often-con¯icting aspects of a design to satisfy a supplied speci® cation is a natural occurrence in many types of subject area. This is particularly true for engineering.With this in mind, any future developments of teaching methods, with particular emphasis on higher education, will require the emerging graduate to be skilled in the integration of various subjects contributing to the overall design exercise. This is of particular prominence in the aircraft industry where work practises have Here, a team works in tandem towards a speci® c goal and are there required to be able to combine the many differing aspects into the overall vehicle. At the same time, the ability of the emerging design must always be capable of performing to the speci® cation. It will not always be the case; in fact this is the probable situation, so the team must be skilled in how the various aspects interact to decide on the best way forward. Without a close understanding of the various technical factors and their effect on the ® nal vehicle this phase of the design process is not possible. It is therefore imperative that aerospace engineering courses contain a high proportion of appropriate subjects and their mutual interaction.
If a teaching course is to ful® l the objectives already discussed, it is of major importance that the course content is current and contains the latest developments in the appropriate disciplines. Higher education is at its best when a threefold relationship is developed between teaching, research and consultancy. This is shown diagrammatically in Figure 13 .
The course must also develop throughout the undergraduate's career. This is achieved ® rstly by providing ® rm foundations in the basic subjects. To this is added an increasing depth and scope of this knowledge. Finally it must encourage the undergraduate in their ® nal year(s) to develop the ability to undertake a piece of project work. The purpose of this aspect is to demonstrate the undergraduate's capability to complete this project either individually or in a team, prepare a technical presentation and to write a comprehensive but concise report. Such a scheme is summarised below. 
Part IV ± Group project work
In the case of an aeronautics course these can be highlighted by the following example syllabus. At the beginning there are mainly lectures and laboratory exercises. Project work forms a relatively small part of the year. As the students progresses the course character drifts towards the ® nal year where laboratory work is virtually eliminated and speci® c lectured course undertaken. The majority of the work is of a project nature. 
Structures
. 
Aircraft design

Group design projects
The mechanism of achieving such a course development must now be de® ned. The exact details will depend heavily on the staff subject area, experience, and exposure to industrial work. An example of how it has been under development at Southampton is now described. Figure 14 shows how the design aspect interacts with the various aerospace topics, which need to be covered. It also shows the link to industry. This can take various forms of which student placements are a very important feature. If a standard approach is taken then any design will provide an amount of theoretical development, some experimental testing such as a wind tunnel and calculations con® rming that the speci® ed mission(s) can be completed. This technique falls short on two main grounds. Firstly the modern manufacturing process is not addressed in great detail and the ultimatē ight testing of the ® nal design has not taken place. By providing the means to achieve these extra goals the concept of frozen designs and feedback of actual data into the design loop can be addressed. Figure 15 shows how the various facilities at Southampton have been assembled to provide these features.
The¯ight-testing is now available using ā ight simulator. A full-blown facility is extremely expensive but in recent times, PC computing power has increased and off the shelf software is readily and economically available. Add-ons are available which permit design to be incorporated into the aircraft and indeed the scenery. This allows a speci® c air® eld to be used or a test marker sequence to be laid out for exact testing. Also available is the ability to record the aircraft performance during the test allowing the performance to be obtained quantitatively. The Southampton facility has the provision for ® xed and rotary wing controls to be used. Plate 2 shows the latter installation. Plate 3 shows two views from the cockpit. Figure 16 shows the interaction between the various disciplines to support the design studies on such a simulator facility. As can be seen, all of the various technical disciplines introduced during the earlier course syllabus can be included. It is at this point that the integration of the various disciplines come together. It provides the experience of working in an Integrated Project Team ± preparing them for the future so that modern aerospace technology is not a surprise.
Concluding remarks
The paper as presented shows that in¯uence of design in three diverse areas. Whilst each example showed the importance of combining differing requirements to form the ® nal product, the three applications have a common thread.
The word ª designº has been de® ned as a contrivance in accordance with a pre-conceived plan.
Modern technology developments have made the process of ª creating a designº very straightforward and accessible to any member of the general public. Whilst this is not expressed as a criticism, there is a concealed danger. The ease and speed of results afforded by modern computing developments can result in the masking of the underlying design skills. Modern marketing has put the ability within the compass of anybody investing in the hardware and software. In earlier times, the speed of working required the acquisition and development of effective design skills in order to produce pro® tably the ® nished item. These skills were central to the process and their importance was clearly displayed.
Evidence suggests that modern undergraduates are not receiving the background understanding of how all of the emerging technologies can be best used in the modern workplace. There are a growing number of articles and initiatives within industry appearing which support this viewpoint. It is up to course syllabuses to take stock of how these skills of effective design can be placed at the forefront of any engineering teaching developments. This itself is an example of design.
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What is the requirement?
Who is the customer?
. How can it be achieved within the limitations of the course timescales? Figure 16 Aircraft design interaction Plate 2 The helicopter cockpit of the ight simulator (left) collective pitch control; (right) cyclic pitch control Plate 3 Views from the helicopter cockpit, (left) approaching an aircraft carrier; (right) ight of a Sea King past a Type 23 frigate
